We have characterized the porosity of vapor-deposited amorphous solid water ͑ice͒ films deposited at 30-40 K using several complementary techniques such as quartz crystal microgravimetry, UV-visible interferometry, and infrared reflectance spectrometry in tandem with methane adsorption. The results, inferred from the gas adsorption isotherms, reveal the existence of microporosity in all vapor-deposited films condensed from both diffuse and collimated water vapor sources. Films deposited from a diffuse source show a step in the isotherms and much less adsorption at low pressures than films deposited from a collimated source with the difference increasing with film thickness. Ice films deposited from a collimated vapor source at 77°incidence are mesoporous, in addition to having micropores. Remarkably, mesoporosity is retained upon warming to temperatures as high as 140 K where the ice crystallized. The binding energy distribution for methane adsorption in the micropores of ice films deposited from a collimated source peaks at ϳ0.083 eV for deposition at normal incidence and at ϳ0.077 eV for deposition at Ͼ45°incidence. For microporous ice, the intensity of the infrared bands due to methane molecules on dangling OH bonds on pore surfaces increases linearly with methane uptake, up to saturation adsorption. This shows that the multilayer condensation of methane does not occur inside the micropores. Rather, filling of the core volume results from coating the pore walls with the first layer of methane, indicating pore widths below a few molecular diameters. For ice deposited at 77°i ncidence, the increase in intensity of the dangling bond absorptions modified by methane adsorption departs from linearity at large uptakes.
I. INTRODUCTION
Vapor-deposited amorphous ice ͓also called amorphous solid water ͑ASW͔͒ continues to attract much fundamental research 1 due to its occurrence in astronomical environments such as icy satellites, comets, planetary rings, 2 and interstellar grains.
3 Studies of gas adsorption on vapor-deposited amorphous ice have revealed that the amount of gas uptake is consistent with microporosity ͑defined as pore width Ͻ2 nm͒, 4 and large specific surface areas of up to hundreds of m 2 " g. Recent experimental studies and related ballistic deposition modeling of condensation of ice films have confirmed the prediction 5 that the porosity of vapor-deposited ice depends on deposition angle. 6, 7 Yet important parameters such as pore shape and structure, distributions of adsorption energies, and pore size remain largely unknown.
To cast light on these fundamental questions, we have measured methane adsorption isotherms on vapor-deposited ice films condensed from collimated and diffuse background sources of water vapor at 30 and 40 K in ultrahigh vacuum, at background pressures many orders of magnitude smaller than the vapor pressure of methane at 40 K. This enabled us to study the equilibrated methane uptake by amorphous ice over a wide pressure range spanning five orders of magnitude. We also characterized the porosity of the ice films through infrared spectroscopy of OH dangling bond ͑DB͒ absorption bands due to water molecules on the internal surface of the pore walls. 8 We used these complementary techniques to study the occurrence of microporosity and mesoporosity under different experimental conditions and to derive information on the binding energy distribution of the adsorption sites.
II. EXPERIMENTAL METHODS
All experiments were performed in ultrahigh vacuum conditions ͑base pressure of ϳ10 −10 Torr͒. Ice films were deposited from a collimated vapor flux at different incidence angles and, in some cases, from a diffuse background flux onto the gold mirror surface of a quartz crystal microbalance 9 cooled to 30 or 40 K. The mass per unit area of the films and its increase due to methane adsorption were measured with the microbalance, and were used to derive column densities by dividing by the appropriate molecular masses. The microbalance was surrounded by a heat shield cooled to ϳ90 K to reduce the radiative heat transfer from the surrounding room temperature chamber walls and provide additional pumping. Openings in the heat shield allow film deposition and optical measurements. In experiments where ice films were deposited from a background vapor source, the substrate faced away ͑ϳ180°͒ from the doser and the heat shield was removed to avoid partial collimation. From here on, we will refer to the films deposited from col-limated flux by their deposition angle ͑for instance, 45°film͒, and the background deposited films will be referred to as background deposited ice ͑BDI͒.
We grew ice films with column densities of 1.02 ϫ 10 18 molecules/ cm 2 ͑and, in one instance, 1.02 ϫ 10 17 molecules/ cm 2 ͒. The film thickness d and refractive index n were derived by fitting the Fresnel equations to the interference pattern in the optical reflectance in the 250-600 nm ͑Refs. 5 and 10͒ range. The ice density was calculated from the ratio of the mass column density of the film obtained from the microbalance to the film thickness. Using 0.94 g / cm 3 for density of compact ice c , 11 we obtained the porosity ͑⌽ =1− / c ͒ of the ice films, and found it to increase with deposition angle as in earlier studies. 6 The films were characterized by specular infrared reflectance spectroscopy ͑35°incidence angle͒ at 2 cm −1 resolution with a Nicolet 670 Fourier transform infrared spectrometer thoroughly purged with dry air. The infrared spectra were expressed in optical depth units, −ln͑R / R 0 ͒, where R is the reflectance of the film-substrate system and R 0 that of the bare gold substrate. The band areas of the DB absorption features were obtained after subtracting a baseline fit to the continuum absorption.
Following film deposition, we admitted methane gas ͑99.999% pure͒ into the vacuum chamber and measured its uptake ͑molecules/ cm 2 ͒ at 20 and 40 K from the change in mass of the films measured with the microbalance. At 20 K, the rate of CH 4 desorption from the ice is negligible, and thus increased with time at a constant rate when the ice was exposed to a constant CH 4 pressure P͑ϳ5 ϫ 10 −8 Torr͒, stopping only when the methane flow was interrupted. In contrast, at 40 K the rate of CH 4 desorption was significant and the uptake was determined by the competition between desorption and adsorption. As a result, initially increased linearly with time after methane was admitted into the chamber, and asymptotically approached a constant level at which the adsorption and desorption rates were equal. Subsequent increases in pressure disturbed the equilibrium, causing to increase to a new plateau. Thus, we increased the pressure in steps, recording several saturation values of at different pressures up to a critical pressure P max . Above P max continuous condensation of methane occurs on top of the ice films. We note that since the gas and solid phases of methane are at different temperatures, P max is not the saturation vapor pressure P 0 but P 0 ͑T rt / T͒ 0.5 , with T and T rt being the ice and room temperature. During methane adsorption, we also measured the film thickness by fitting Fresnel equations to the optical reflectance. Figure 1 shows infrared absorption spectra in the region of the dangling OH bands ͑ϳ2.7 m͒ of amorphous ice and the effect of methane absorption, for films condensed under different deposition conditions. These bands, which are usually insignificant in compact ice, are enhanced because of the large internal surface area in porous ASW films.
III. RESULTS AND DISCUSSION
1 The infrared spectra in the top panel of the figure show the absorption features, DB1 ͑3720 cm −1 ͒ and DB2 ͑3696 cm −1 ͒, assigned to O-H vibrations of doubly coordinated and triply coordinated surface water molecules, respectively. 12 The bottom panel of Fig. 1 shows the changes in the dangling bond features that occur due to methane adsorption at 40 K. The vibrational frequencies decrease when foreign molecules such as methane attach to the dangling bonds, and as a result the DB1 and DB2 features disappear and new features DB1Ј and DB2Ј emerge at 3691 and 3669 cm −1 , as seen previously. 13, 14 This shift in the frequencies of the DB features with increasing CH 4 uptake is illustrated by the spectra denoted by 45i and 45 in the bottom panel of Fig. 1 . Note that the DB1Ј feature occurs at approximately the same frequency as the DB2 band for ice without adsorbed gas. The shaded regions in Fig. 1 show the DB features ͑with and without CH 4 ͒ of the film deposited at 45°incidence after subtraction of the continuum baseline indicated by the black dashed line. The integrated band areas of both dangling bond features of the ice films, deposited at different incidence angles ͑0°, 45°, and 77°͒ at 40 K prior to methane exposure, increase with film porosity ͑Table I͒. We note that, in all the experiments reported here, there is no indication of unshifted dangling bonds at high gas uptake. This indicates that the number of closed or inaccessible pores is insignificant. Figure 2 shows the adsorption isotherms, the dependence of the CH 4 uptake on relative pressure p = P / P max at 40 K for ice films deposited under different deposition conditions. Each data point represents the equilibrium between CH 4 adsorption and desorption. At low pressures, the equilibrium is reached at adsorption sites of high binding energies, and, as pressure increases, sites of increasingly lower binding energy are populated until all sites are filled. We find that the isotherms of 45°and 0°films have the distinct shape of a Type I isotherm, [15] [16] [17] i.e., they rise sharply at low pressures ͑p Ͻ 0.1͒ and reach a plateau where all adsorption sites are filled. The Type I shape for the two films indicates a fully microporous film. 16 Note that the maximum uptake measured at P max for these two films is not proportional to the film porosity, which suggests that the average density of methane inside the pores is different in these cases. Table I also gives the average density of methane in the micropores obtained by dividing the maximum mass uptake by the pore volume.
The values obtained are smaller than the value of 0.52 g / cm 3 for solid methane. 18 The shape of the adsorption isotherm is drastically different for the film deposited at an oblique incidence of 77°. The plateau observed in the isotherms of the 0°and 45°films is replaced by a steady increase in uptake up to P max . This second increase in uptake is typical of a type II isotherm, which is observed in mesoporous solids having larger pores measuring 2 -50 nm in width. 15 The formation of larger pores at large incidence angles is consistent with the results of ballistic deposition simulations, suggesting the importance of shadowing of incoming molecules by protruding surface structures. 19 The increase in gas uptake with increasing deposition angle is consistent with previous studies using nitrogen. 6 Interestingly, while the maximum gas uptake of the 77°fi lm is more than twice that of the 45°film, for p Ͻ 0.01 the ratio is only 0.81. This difference is more easily visualized when the isotherms are plotted in logarithmic scale as shown in right side of Fig. 1 . The similar shape of the isotherms of the 45°and the 77°films at p Ͻ 0.01 indicates that, in addition to mesopores, the 77°film contains micropores. To separate adsorption due to micropores from the total adsorption, we scale the 45°isotherm to match the 77°isotherm at low pressures. The scaled isotherm shows an uptake of 130 ϫ 10 15 CH 4 / cm 2 at p = 1. The maximum uptake of 407 ϫ 10 15 CH 4 / cm 2 for the 77°film therefore implies that its mesopores can adsorb up to 277ϫ 10 15 CH 4 / cm 2 . Crystallization resulted when the 77°film was warmed to 140 K, as revealed by the sharpening of the 3 m OHstretch band 1,20 and the emergence of the weak 1.65 m band. 21 Remarkably, the crystalline ice retains porosity ͑⌽ = 0.13, i.e., roughly 1 / 3 of the original amount͒. However, while the film is still porous, the dangling bond infrared absorptions have disappeared ͑Fig. 1͒. Additionally, warming resulted in the release of the adsorbed methane; infrared spectroscopy of the methane bands showed that less than 5 ϫ 10 14 CH 4 / cm 2 remained trapped beyond 65 K. After cooling the annealed film back to 40 K, we measured a new adsorption isotherm. We found that the methane uptake was drastically lower than before warming and that it increased linearly with pressure at low p ͑Fig. 2͒. The surge in the uptake when p exceeds 0.1 shows that the residual porosity ͑⌽ = 0.13͒ is due to mesopores, thus indicating that such pores are much less susceptible to collapse during warming than the smaller micropores. We note that our previous study on compaction of microporous ASW by ion irradiation 14 revealed that ice could remain porous and not have dangling bond features when irradiated with energetic particles. Here, we find another instance where ice remains porous but lack in dangling bond features. Therefore, the absence of the dangling bond features in the infrared spectra of laboratory or extraterrestrial ices does not necessarily guarantee compact ice. The isotherm of the BDI film is remarkably different from those of the films deposited from a collimated water flux. While the BDI film has a porosity ͑⌽ = 0.21͒ and dangling bond features similar to those of the 45°film ͑Fig. 1͒, its CH 4 uptake is nearly an order of magnitude smaller at the lowest pressures ͑p ϳ 4 ϫ 10 −5 ͒. Since there is no indication of unshifted dangling bonds at high uptake ͑Fig. 1͒, the number of inaccessible pores is insignificant. Therefore, the uptake is reduced because the majority of the micropores is large ͑with small binding energy͒ compared with the case of the 45°film. Remarkably, the isotherm of the BDI film exhibits a step at p ϳ 0.01, where, at a constant pressure and after an initial saturation, the uptake increases very slowly with time until a second higher saturation value is reached. Steps in adsorption isotherms have been previously observed in other adsorption studies 22 and are thought to indicate a phase transition of the two-dimensional adsorbed layer. 23 Unfortunately, our current experimental setup does not allow us to measure the isotherms with decreasing pressures to determine if the transition is irreversible or if there is hysteresis. We also recorded CH 4 isotherm in another BDI film with ten times smaller column density than that of the other films ͑1.02ϫ 10 17 H 2 O / cm 2 ͒. Remarkably, the uptake at low pressures was only approximately five times less. Therefore, the pore structure of the BDI films also depends on film thickness. Figure 2 shows that the size of the step in the isotherm is about the same ͑but relatively larger͒ in the thinner BDI film.
The three films deposited from a collimated vapor at different incidence angles ͑0°, 45°, and 77°͒ have the same shape in the low pressure regime ͑p Ͻ 10 −3 ͒ and their isotherms can be fitted with the empirical Freundlich equation, = ␤p , where ␤ is a constant and is the Freundlich exponent, 15, 22 a measure of the heterogeneity of adsorption energies. 22 Although the physics behind the Freundlich equation has not been elucidated, we report here the values of exponents from fits to the data for possible comparisons with other microporous materials. We obtain ϳ 0.2 for all three films deposited from collimated vapor flux at different incidence ͑0°, 45°, and 77°͒, but ϳ0.3 for the BDI films. In the higher pressure regime, we fit the isotherms with the Dubinin-Astakhov equation which, despite being also empirical, is widely used to describe adsorption of gases in a variety of microporous solids. 15 It reads max = expͩ kT c ln pͪ
where / max is the fractional uptake, k is Boltzmann's constant, T is the temperature, p is the relative pressure, c is a characteristic adsorption energy, and N is a heterogeneity parameter. 24 The fits of the equation at high pressures, also included in Fig. 2 for ice films deposited from collimated vapor, yield N ϳ 2, in the range of reported values. 22 The distribution of adsorption energies i in microporous solids is usually associated with a distribution in pore size, which influences the degree of overlapping of the interaction potentials from opposite pore walls, and consequently the depth of the adsorption potential well. 15 Beside the dispersion in pore size, the microscopic roughness of the pore wall can also contribute to energetic heterogeneity. To obtain the adsorption energy distributions from the experimental isotherms, we apply the condensation approximation 25 to map the relative pressure scale P / P max into an energy scale. Since molecules diffuse fast in the pores, as will be shown later when reporting experiments at 20 K, we assume that absorption obeys Henry's law locally, in which the probability that an incoming molecule finds an empty site is independent of the fractional coverage and zero above =1 ͑full coverage͒. In each ensemble of sites with binding energy , is given by ͑P,,T͒ = KP exp͑/kT͒, ͑2͒ up to =1. K is a constant for a given gas-ice combination at a fixed temperature T, and k is the Boltzmann constant. Since, in practice, ӷkt, the steep rise in the exponential allows approximating Eq. ͑2͒ by a step function of energy. This is the condensation approximation, where, at a given P and T, all sites with binding energy ജ i are completely filled ͑ =1͒ and all with lower energy are unoccupied ͑ =0͒. For an arbitrary value of i KP = i exp͑− i /kT͒. ͑3͒
In the limit of P max , adsorption occurs on sites with the lowest binding energy o . Thus,
Dividing Eq. ͑2͒ by Eq. ͑3͒ yields
We also note that Eq. ͑5͒ also holds for any monolayer adsorption law, such as Langmuir, as long as it applies equally for sites of different binding energy. In the top panel of Fig. 3 we plot the integrated CH 4 uptake in pores with adsorption energies above energy i using Eq. ͑5͒ with o Ϸ 0.06 eV, the binding energy measured for methane on a flat water ice surface. 26 The numerical differentiation of the integral uptake yields d / d, the distribution of the CH 4 uptake among sites of different adsorption energies shown in the bottom panel. The peak of the adsorption energy distribution p of the 0°film is at ϳ0.083 eV, while the p for 45°fi lm is at 0.077 eV, the difference being outside statistical errors. We also show the results derived from fitting the Dubinin-Astakhov and the Freundlich equations to the relevant pressure regimes. We now analyze the infrared spectra and consider the integrated area of the dangling bonds to be a measure of the surface area of the pores. Remarkably, the total film thickness remained constant at ϳ440 nm until exceeded c , implying that the adsorbed methane does not accumulate as a layer external to the film, but rather diffuses into the internal pore volume. Above c the film thickness increases linearly with uptake and the inverse of the slope gives a density of 0.52 g / cm 3 for solid methane, equal to published values. 18, 27 We calculate the average methane density inside the pores of the film at 20 K to be 0.47± 0.03 g / cm 3 . The linear dependence of the DB2Ј area on CH 4 uptake and the constancy of the film thickness with CH 4 adsorption is also seen for a film deposited at 45°but at 40 K with ⌽ = 0.22.
Earlier we mentioned that the dispersion in the pore width is usually assumed to be the main source of the energetic heterogeneity in the microporous films, i.e. small pores are the adsorption sites with high binding energy and larger pores are the sites with low binding energy. As discussed before, an increase in pressure leads to CH 4 adsorption in pores with lower binding energies, i.e., larger pores. In pores smaller than three molecular diameters in width all the adsorbed molecules coat the pore surface and the number of dangling bonds modified will be proportional to the amount of gas adsorbed. On the other hand, in larger pores, adsorbed molecules could occupy the core volume of the pores without contributing to shifted dangling bond bands. Therefore, the observed linear dependence of DB2Ј areas with methane uptake ͑Fig. 4͒ implies that, within errors, all adsorbed molecules fill the pores by coating their surfaces. In other words, the pore widths in our fully microporous ice must not exceed three molecular diameters. The same behavior is observed in the BDI films ͑Fig. 5͒, in spite of the presence of a step in their adsorption isotherms. Interestingly, the DB2Ј band area −13 Torr͒ causing methane to condense above the external ice surface, thereby increasing the film thickness but only after the pores are saturated with gas. Note that the DB band area remains unchanged when methane condenses to form an external overlayer. The ice films were deposited at 45°incidence. FIG. 5. ͑Color online͒ Increase in the DB2Ј band area with CH 4 uptake ͑͒ at 40 K for a 77°film ͑inverted triangles͒ and a background-deposited ice film ͑open circles͒, compared to the data shown in Fig. 4 for a 45°film ͑¯͒. The lines are to guide the eye. The data in the top of the graph and the horizontal lines show that the film thickness for the BDI film ͑stars͒ and the 77°film ͑͒ remain constant up to the saturation uptake ͑at P max ͒. All films have 10 18 H 2 O / cm 2 .
versus of the 77°film deviated by about 10%-15% from the other cases at low and becomes strongly nonlinear at large uptakes where the mesopores can be filled by multilayer adsorption. The thickness of the BDI and 77°fi lms remained constant up to the maximum uptake.
IV. SUMMARY AND CONCLUSIONS
We have presented a detailed study of porosity-related properties of ASW films deposited at 30-40 K using the complementary techniques of microbalance gravimetry, UVvisible spectroscopic interferometry, and infrared spectroscopy. Table I shows a comparison of the different properties of vapor-deposited ice films condensed from collimated and diffuse background sources. Our major findings are as follows:
͑i͒ All amorphous ice films deposited at 30-40 K, irrespective of their deposition method, have micropores as deposited. ͑ii͒
Ice films deposited at 77°incidence from a collimated vapor source develop a dual pore structure, having both micro-and mesopores. A brief annealing at 140 K crystallizes the ice and destroys the microporosity, but remarkably, some mesopores remain. ͑iii͒ The similar shape ͑same Freundlich exponent͒ of the adsorption isotherms at low pressure for the films deposited from a collimated vapor at different angles indicates similar microstructures responsible for high binding energies, even though the total porosity depends strongly on deposition angle. ͑iv͒ Films deposited from a diffuse background vapor source have isotherms with a larger Freundlich exponent and a step, suggesting that their micropores are different from those in films deposited from a collimated vapor source. ͑v͒
The ice films deposited from a diffuse source adsorb much less gas per unit pore volume than the films deposited unidirectionally, and show a step in the adsorption isotherms. ͑vi͒ The micropores are narrow ͑less than three molecular diameters wide͒ since there is only evidence for monolayer adsorption.
The different pore structures found in this research can occur in astronomical environments, depending on local deposition conditions, and affect the gas trapping. This can have consequences, for instance, for determining properties of comets.
